Abstract. We employ particle-in-cell simulations to study the coupling between a relativistically streaming, electron-positron plasma and a nonlinear, superluminal, circularly polarized, transverse electromagnetic (TEM) wave. For an unshocked wave, we verify the analytic dispersion relation for nonlinear TEM waves. For a shocked plasma wave, we find that the wave fields modulate the shock internally, increasing its characteristic temperature, and accelerating the pairs anisotropically. The prime application of the results is the termination shock of the Crab pulsar wind.
INTRODUCTION
Strongly magnetized, rapidly spinning neutron stars have regions in their magnetospheres where electrons and positrons are produced via cascades. Both observational and theoretical considerations indicate that these pairs escape from the neutron star in the form of a weakly collimated, ultrarelativistic, Poynting-flux-dominated plasma wind [1] . Far beyond the light cylinder r L the wind is thought to be "cold" (bulk energy flux ¤ enthalphy flux), with very low emissivity [2] . The wind is confined by the pressure of its environment, either provided by a supernova remnant (e.g., in plerions like the Crab), the ram pressure of the ISM (as in high-velocity pulsars, e.g. PSR B2224+65), or debris from a binary companion (e.g., PSR 1957+20). It terminates at a relativistic shock. There is strong evidence that the wind is kinetic-energy-dominated at this shock; this conclusion arises from models of the nebula radiation, the bulk flow dynamics, and the shock kinematics [3] .
The radial structure of the unshocked, upstream wind has been the subject of considerable debate in recent years, in particular with regards to how the ratio sigma (σ ) of Poynting flux to kinetic energy flux changes as the wind propagates outward. It is believed that an oblique rotator launches a nonlinear wave into the expanding wind, because the conduction current is insufficient to short out the displacement current beyond a certain distance [1, 4] . The wave-like wind can be modelled from a magnetohydrodynamic (MHD) [1, 5, 6, 7] or electromagnetic [4, 8, 9] viewpoint.
The conditions for ideal MHD cannot be met beyond a critical radius r c , because the number density of charge carriers is diluted by the radial divergence of the flow. In light of this, several authors have considered the non-ideal evolution of the MHD entropy wave [1, 5, 6, 7] , i.e., the corrugated current sheet [10] and striped, two-armed spiral pattern produced by the spinning pulsar motion. If the effective resistivity (magnetic reconnection rate) in the current sheet of the wind is sufficiently large, Poynting flux can be efficiently destroyed, producing an observable signature in X-and γ-rays [11, 12, 13] . Alternatively, it is speculated that at r c the MHD wave in the wind becomes unstable and transforms into a nonlinear, transverse electromagnetic (TEM) wave with minimal radiative losses [4, 8, 9] , converting from a high-sigma to a low-sigma flow.
Analytic [3, 14] and numerical [15, 16, 17 ] models of the termination shock are reviewed in Refs. [2, 8] . In this work, we consider the termination shock in a new context: an upstream plasma which contains a nonlinear transverse electromagnetic (TEM) plasma wave, and with no dc magnetic field. As a numerical tool we have used a 2.5-dimensional, fully relativistic and electromagnetic PIC code called XOOPIC [18] . The key focus of our work is the coupling of the TEM wave to the particles.
UNSHOCKED TEM WAVES
The linear dispersion relation of a small-amplitude, TEM wave in a relativistically streaming, cold electron-positron plasma is given by
where η © ck ω is the index of refraction, γ b the bulk (drift) Lorentz factor, n 0 the unperturbed electron (and positron) density, e the electronic charge, ε 0 the vacuum permittivity, and m e the electron rest mass, with all quantities measured in the lab frame. A small amplitude TEM wave can only propagate if one has ω ω p † . In a nonlinear TEM wave, the plasma density is substantially perturbed and the effective mass of the charges increases due to their relativistic motion, so the effective plasma frequency decreases and the wave can propagate even if one has ω ω p † . In this situation, the dispersion relation is [4] 
Here,Ê represents a dimensionless wave amplitude defined viaÊ qE 0 mcω. For E 1 a charge q can be accelerated from nonrelativistic to relativistic speeds within a single wave period. The quantity ω 0 is given by
where cβ d is the plasma drift speed and n the electron (positron) density in the lab frame. For given values ofÊ, γ b , n and ω, Eq. (2) and Eqs. (3) can be considered three equations in the unknowns k
Note that a nonlinear EM wave is strictly transverse only if it is circularly polarised. In this case, the streaming speed β d is a constant of the motion and can be chosen arbitrarily. As a result, σ varies independently withÊ and β d , whereas in a linearly polarised nonlinear EM wave, β d (and hence σ , defined earlier) are determined jointly byÊ.
In order to verify Eqs. (1)- (2), we launch circularly polarized monochromatic TEM waves from the left-hand edge of the simulation box, and measure ω If a TEM wave withÊ ¤ 1 is launched into a nonstreaming plasma, the ponderomotive force creates a cavity around the wave source. To verify Eq. (2) in this regime, one would need to set up the wave field and particle distribution self-consistently at all x before starting the simulation; this is deferred to a forthcoming work. However, if a nonlinear TEM wave is launched into a streaming plasma (1 3900, and agree with the analytic results to within 5%. We stress, however, that further simulations are needed to rigorously verify Eq. (2) forÊ ¤ 1, to ensure our simulated waves are fully developed. The nonlinear dispersion given by Eq. (2) is valid as long as the plasma is "cold"; i.e., has negligible enthalpy. In the course of time, dissipative wave-plasma coupling and electrostatic fluctuations will give a heating rate determined by σ ,Ê, ω, and ω p † . ForÊ ¤ 1 the particle motions are strongly phase-coherent with the wave until the randomized, thermal motion eventually begins to dominate. A detailed discussion of the interaction between a TEM wave and a free-streaming, relativistic beam is deferred to a forthcoming paper. 
WAVE-LIKE ULTRARELATIVISTIC SHOCK
In order to simulate an ultrarelativistic shock we launch a cold beam of particles from the left-hand side (x We average all physical quantities over y below, smoothing over the filamentation. The density profile along the x-axis for a fully developed shock with a TEM wave is shown in the left panel of Fig. 2 . Note that σ andÊ quickly decrease away from the antenna and into the shock, as the particles gain energy from the TEM wave, The density jump across the whole profile is n 2 n 1 ' 4 0; this value can be affected by ponderomotive forces as well as the anisotropy of the particle distribution, but a detailed discussion is beyond the scope of this paper. The right panel of Fig. 2 shows the frequency spectrum of the electric field component E z at x © 5 4. The two spikes are due to the TEM wave, and the background is associated with thermal fluctuations. Deeper into the shock (larger x, not shown), the background spectrum grows relative to that of the wave. Numerical experiments indicate that the characteristic temperature of the downstream plasma is determined by the total (Poynting + mechanical + thermal) energy flux upstream. The detailed shape of the particle distribution, on the other hand, seems to depend on the relative amount of upstream Poynting flux, as well as on the TEM wave polarization properties. An apparent trend is that larger σ -values give harder spectra, and linearly polarized wave couples preferrably to a single component of the 3-momenta of the particles. Deep into the shock, and consequently, in the downstream medium, the TEM wave is weakened.
THE CRAB PULSAR WIND
For canonical Crab parameters (particle loss rateṄ 
SUMMARY
In this paper, we present preliminary results from 2.5-dimensional simulations of an electromagnetic, wavelike pulsar wind, to supplement previous MHD models. As a benchmark test, we study the dispersive propagation of a nonlinear circularly polarized TEM wave in a cold, relativistically streaming electron-positron plasma, and verify its analytic dispersion relation. If the plasma wave is shocked at a magnetic wall, we find that the coherent wave-particle coupling [e.g. the wave-induced, ring-like distribution in u y u z ! -space] survives over a large number of wavelengths, until eventually the thermal motion dominates over the quiver motion. Moreover, the downstream temperature is set by the total wave + particle energy flux upstream, while the shape and degree of anisotropy of the distribution depend on the wave polarization properties.
The current work has focused on circularly polarized TEM waves, for which there is a known analytic dispersion relation in the nonlinear case. It will be interesting to study linearly polarised waves, which unavoidably contain a longitudinal electric field component, and which are more realistic in the equatorial wind zone.
